Repetitive nucleotide or amino acid sequences are often engineered into probes and biosensors to achieve functional readouts and robust signal amplification. However, these repeated sequences are notoriously prone to aberrant deletion and degradation, impacting the ability to correctly detect and interpret biological functions. Here, we introduce a facile and generalizable approach to solve this often unappreciated problem by modifying the nucleotide sequences of the target mRNA to make them nonrepetitive but still functional ("synonymous"). We first demonstrated the procedure by designing a cassette of synonymous MS2 RNA motifs and tandem coat proteins for RNA imaging and showed a dramatic improvement in signal and reproducibility in single-RNA detection in live cells. The same approach was extended to enhancing the stability of engineered fluorescent biosensors containing a fluorescent resonance energy transfer (FRET) pair of fluorescent proteins on which a great majority of systems thus far in the field are based. Using the synonymous modification to FRET biosensors, we achieved correct expression of full-length sensors, eliminating the aberrant truncation products that often were assumed to be due to nonspecific proteolytic cleavages. Importantly, the biological interpretations of the sensor are significantly different when a correct, full-length biosensor is expressed. Thus, we show here a useful and generally applicable method to maintain the integrity of expressed genes, critical for the correct interpretation of probe readouts.
Repeated nucleotide or protein sequences occur frequently in nature or in engineered constructs. For example, the long terminal repeats of the human immunodeficiency virus (HIV) genome are indispensable for viral reproduction (Barre-Sinoussi et al. 2013 ). The repetitive telomeres at the end of chromosomes are crucial to maintain chromosome integrity (O'Sullivan and Karlseder 2010) . In bioengineering, repeats are often employed for signal amplification. For instance, multiple MS2-binding sites (MBSs) are incorporated into RNA to visualize a single transcript (Bertrand et al. 1998) . Tandem repeats of LacO are integrated into a genome to mark the genomic locus (Robinett et al. 1996) . Recently, the target peptides of a single-chain variable fragment, GCN4, were multimerized for imaging a single protein or attracting many activators to a single endogenous gene targeted by CRISPR (SunTag) (Tanenbaum et al. 2014 ). In the field of fluorescent biosensors, fluorescent proteins (FPs) with different wavelengths and optophysical characteristics Zhang et al. 2002; Shaner et al. 2004 ) are incorporated into a single peptide to achieve fluorescent resonance energy transfer (FRET). These FPs share substantial sequence homology, since they evolved from a few parental species, including the Aequorea victoria GFP (green FP) and Discosoma sp. dsRed. While the repeated nucleotide or peptide sequences are required components of these probes and biosensors, they are notoriously difficult to construct and maintain for stable integration into the cellular genome. They are easily deleted or truncated, which occurs randomly and is not a priori predictable, resulting in anomalous gene expression. Therefore, a facile and generalizable method to correctly maintain and express these engineered constructs becomes absolutely crucial for these state-of-the-art sensor and probe approaches currently employed in the field.
The deletion of repetitive sequences occurs frequently during bacterial amplification, homologous recombination, and viral transduction and in plasmid transfections. It happens most prominently during retroviral transduction, for which the mechanism is well documented (Delviks and Pathak 1999; An and Telesnitsky 2002) . Depending on the length of and distance between the repeats, the deletion rate can reach 90% (Delviks and Pathak 1999) . As the retroviral transductions can target with great efficiency both dividing and nondividing cells, including stem cells and neurons (Naldini et al. 1996; May et al. 2000) , both in vitro and in vivo, it is critical to side-step this random deletion problem. Similarly, random deletion can manifest during other routine gene deliveries, including homologous recombination and transient transfections of plasmids followed by drug selection (Hocine et al. 2013) . Previously, irregular repeated sequences have been developed to increase genomic stability in the bacteria (Lau et al. 2003) . Here, we describe a simple and generally applicable method to solve the problem of recombinant deletion by modifying the repeats with nonrepetitive but functional ("synonymous") sequences. By designing nonrepeating sequences and codons, the homology between the components is substantially reduced, which prevents the deletion through recombination. The key here is synonymy: the functional role of the "repeating" sequence is kept intact. We illustrate the broad applicability of this approach by demonstrating it in several unrelated systems. First, we designed a set of nondegenerate MBSs and tandem coat proteins that significantly enhanced the signals and uniformity for single-RNA imaging in live cells. Next, we developed a general strategy for repetitive protein sequences by using synonymous codons. We applied the method to FRET biosensors. It drastically increases the fidelity of the expressed sensors and significantly influences the biological interpretation of experimental readouts. Thus, the method that we describe here should be routinely employed in the generation of probes and sensors containing multiple, repetitive motifs to achieve correct expression profiles.
Results

Developing a cassette of nondegenerate MBSs
In single-molecule RNA imaging with the MS2 system, repeated RNA motifs are used to amplify the signals on RNA (Bertrand et al. 1998) . Briefly, a genetically encoded MBS derived from bacterial phage is inserted into the gene of interest, and a separate MS2 coat protein (MCP) fused to a FP is introduced into the same cell. MCP-FP binds to the MBS and labels the target mRNA. To increase the signal to noise ratio (SNR) of the mRNA, it is essential that multiple MBSs are incorporated into the mRNA such that its brightness exceeds that of the free MCP-FP. Typically, 24xMBSs are sufficient to image reporter mRNAs with single-molecule sensitivity. Lentiviral vectors are ideal tools to stably express the MS2 reporter mRNA in a variety of cell types. We constructed reporter mRNAs in a lentiviral backbone with 24xMBSs inserted in the 3 ′ untranslated region (Fig. 1A) . The current version of the MBS (MS2SL; Addgene plasmid no. 31865) contains repeats of two alternating stem-loops (Fig. 1B) . We applied singlemolecule fluorescence in situ hybridization (FISH) (Femino et al. 1998; Raj et al. 2008 ) to evaluate the integrity of the mRNA by using probes against the ORF (Fig. 1A, red) and the MBS region (Fig. 1A, green) , respectively. Full-length mRNA will have both the green and red FISH signals colocalized. Transiently transfected cells showed that the ORF and MBS were colocalized, indicating that the mRNA were full-length (Supplemental Fig. S1 ). However, when the reporters were stably expressed by lentiviral infection, the FISH images indicated cell heterogeneity. In Figure 1C , the mRNAs in the cell on the left side of the image are positive for both colors. An enlarged portion of the cell (Fig. 1C, box i) is shown in Figure 1D . On the contrary, the cell on the right in Figure  1C shows mostly red (ORF channel), indicating that the MS2SL had been deleted in this cell. A square in this cell (Fig. 1C, box ii) is enlarged in Figure 1E . To quantify the heterogeneity of the stably integrated reporters, we measured the fraction of green mRNAs (MBS) colocalized with red mRNAs (ORF) (fraction of colocalization in each cell). For MS2SL, the fraction among cells ranges from 10% to >90% (Fig. 1H) . Furthermore, the intensities of MS2SL FISH spots in cells with low colocalization are less than in cells with high colocalization (Supplemental Fig. S2 ), indicating that MS2SL sequences had been partially deleted in the former. We reasoned that the deletion must happen during the viral transduction processes, since transiently transfected mRNA is full-length (Supplemental Fig. S1 ). In order to circumvent the deletion problem, we designed a new version of MBS to remove the repeated sequences (Materials and Methods). Briefly, we mutated the nonessential nucleotides in the consensus MBS sequence (Fig. 1F ), determined from a systematic evolution of ligands by exponential enrichment (SELEX) experiment (a tetranucleotide loop and a variable length stem with a bulged adenosine) (Schneider et al. 1992) . We designed 24 different MBS sequences with random linkers between them. This new version of MBS was named MBSV5. To test this design, we constructed a lentiviral reporter mRNA similar to before (Fig. 1A) . A two-color FISH experiment indicates that the majority of mRNAs have both ORF and MBS signals (Fig. 1G,H) . Quantitative analysis confirms that all cells tested have fraction of colocalization >70% (the average is 88%) (Fig. 1I) . Live-cell imaging shows that a stably expressed mRNA reporter labeled by MBSV5 can be visualized with single-molecule sensitivity (Supplemental Movie 1).
Synonymous transformed tandemly repeated coat proteins
Repeated sequences also occur frequently in protein-coding regions. For example, MCP binds to MBS as a dimer. However, the dimerization affinity in the cell is low (Wu et al. 2012) . We previously constructed tandem coat proteins (tdMCP and tdPCP) that greatly enhanced the SNR and uniformity of the RNA labeling by the MS2 and PP7 systems (Wu et al. 2012 ). However, one caveat was that the total number of FPs on mRNA was reduced by half, since only one FP was linked to a tdCP. One obvious strategy was to fuse a tandem FP to the tdCP (tdCPtdFP) ( Fig. 2A) . Indeed, the brightness of the transiently transfected tdCP-tdGFP measured by fluorescence fluctuation spectroscopy (FFS) (Chen et al. 1999) was twice that of monomeric tdCP-GFP (Fig. 2B) . However, the brightness of tdCP-tdGFP when stably expressed by lentiviral infection was heterogeneous (Fig. 2C) . Some cells had brightness corresponding to a dimer, and some had monomer brightness, while still others had a mixture of both monomers and dimers. Western blots of the coat protein tdCP-tdGFP also show multiple bands when detected with GFP antibody (Fig. 2E, lanes 1,3) . Notice that fluorescence-activated cell sorting (FACS) will not be able to sort for the "correct" cells because all measured cells are positive for GFP. Since the tdCP-tdGFP has significantly repeated sequences, we inferred that repeated sequences were deleted during the viral infection. The approach to remove the repetitiveness was to employ the redundancy in protein codons. For example, serine could be coded by any one of four codons: UCU, UCC, UCA, or UCG. Therefore, we could design a nonrepeating RNA sequence using synonymous codons while keeping the repetitive amino acid sequence intact ( Fig. 2A) . In practice, the homology between the synonymous RNA construct and the original sequence was kept below 75%. We directly synthesized the synonymous DNA sequences of both coat protein and GFP. We replaced the repeated coat protein and GFP in tdCP-tdGFP with the synonymous variants, respectively, to obtain stdCP-stdGFP (s indicates synonymous) ( Fig. 2A ). When stdCP-stdGFP was stably expressed using lentiviral infection in U2OS cells, all cells measured exhibited the brightness expected from a dimer (Fig. 2D) . A Western blot also showed a single band of full-length proteins ( Fig. 2D , lanes 2,4). When we stably expressed 24xMBSV5 reporter mRNA and stdMCP-stdGFP in U2OS cells, the single mRNA brightness was 1.6 times brighter than the transiently transfected 24xMBS mRNA labeled with tdMCP-GFP (Fig. 2F) , meaning an increase in the SNR. Because viruses are the predominant method for introducing genes into neurons, we stably expressed the MBSV5 reporter mRNA and stdMCP-stdGFP in primary hippocampal neurons. The single-reporter mRNAs could be readily visualized ( Fig. 2G,H) . Therefore, the MBSV5 and synonymous coat protein constructs make visualization of RNA dynamics in live neurons readily available.
Synonymous transformation of FRET biosensors
Viral recombination deletion occurs for not only direct repeats but also partially overlapping sequences. FPs with many different wavelengths and optophysical characteristics Zhang et al. 2002; Shaner et al. 2004) were evolved from a few parental species, including the A. victoria GFP and Discosoma sp. dsRed. Thus, the FPs from the same family differ by only a few point mutations (e.g., the sequence homology between the popular FRET pair of FPs monomeric Cerulean1 [mCer1] and monomeric Venus [mVn] is up to 98%). When FPs of the same family were fused into one peptide, such as in fluorescent biosensors, the resulting RNA sequence homology made it highly susceptible to partial or complete deletion by viral recombination. Indeed, in the biosensor design shown in Figure 3A In the original version of the sensor (ori), truncated (Trunc.) product is seen at ∼50 kDa, which is absent in the synonymous modified version (syn). (E) FACS profiles of the MTln3 cells from D with and without the synonymous codon modification (syn vs. ori). (F) Quantification of the indicated FACS gates from C and E showing changes in the single-positive fluorescent cell populations before and after the synonymous modification. The indicated FACS-gated populations are RAW264.7(ori) (i = 12.0%; ii = 18.4%; iii = 4.37%), RAW264.7(syn) (i = 0.35%; ii = 25.6%; iii = 0.93%), MTln3(ori) (i = 19.5%; ii = 11.9%; iii = 2.18%), and MTln3(syn) (i = 2.25%; ii = 22.8%; iii = 0.22%).
FPs of A. victoria origin (mCer1 and mVn) were placed within a single-chain design as well as tandem binding domains BD1 and BD2 to facilitate an autoinhibitory regulation (Hanna et al. 2014; Moshfegh et al. 2014) . When stably and inducibly transduced into the RAW264.7 mouse macrophage/monocyte cell line (Kheir et al. 2005) or the MTln3 rat mammary adenocarcinoma cell line (Neri and Nicolson 1981) , the biosensors showed a significant number of products of intermediate sizes less than the molecular weight of the full-length peptide (Fig. 3B,D) , which was not due to proteolytic cleavage, as protease inhibitor treatment failed to rescue this effect (Supplemental Fig. S3 ). Moreover, a significant presence of the single-positive fractions for either the cyan or the yellow fluorescence was detected by FACS from the cell population expressing the original version of the biosensor (Fig. 3C ,E, matching Western blots for these cells are shown in B,D). We introduced synonymous modifications to mCer1 and BD2 (Fig. 3A) to obtain ∼66% homology with mVn and BD1, respectively (Supplemental Fig. S4 ). When the synonymous constructs were stably expressed in both cell lines, we achieved a significant improvement in expression of the full-length biosensor (Fig. 3B-F) .
This truncation has a direct consequence on the measured protein activities in live-cell imaging ( Fig. 4A analysis (Machacek et al. 2009 ) to characterize the coupling of Rac1 activity to the leading edge protrusions in macrophages (Fig. 4C-F) , we observed significant changes in the cross-correlation functions between the original versus the synonymous modified versions of the Rac1 biosensor (Fig. 4G,H) . Rac1 activity patterns and its role in macrophage lamellipodia protrusions have not yet been fully elucidated using biosensors. Based on other studies of Rac1 activities in lamellipodia (Kraynov et al. 2000; Machacek et al. 2009 ) and the requirement for morphological cohesion of Rac1 in macrophages (Allen et al. 1997; Wheeler et al. 2006) , we expected the protrusive coupling of Rac1 activity to depend strongly on the spatial position within the lamellipodia during serum-induced random protrusions. When the original version of the biosensor was used, the morphodynamic coupling was spatially homogenous, with the major peak at an approximately −23.3-sec time lag with significant negative cross-correlation ( Fig. 4H,I ; Supplemental Movie 2). Using the synonymous modified biosensor, the coupling of Rac1 activity to the protrusion velocities instead became highly dependent on the spatial position within the lamellipodia protrusion, with the maximum coupling occurring at 0.65-1.3 μm close to the leading edge, with a positive 28-sec time lead ahead of the protrusion and a positive cross-correlation, and then falling off thereafter away from the edge (Fig. 4H,I ; Supplemental Movie 3). The stable integration and the expression of the original versus the synonymous modified versions of the Rac1 biosensor did not change the basic protrusive dynamics (Fig. 4J ). This striking difference in the dynamics of biosensor measurements in macrophage lamellipodia protrusions clearly indicated that synonymous modification of the biosensor had a significant effect on the readouts and thus the biological interpretation. This effect is not likely to be an isolated example simply in a proteolytically active cell type such as the macrophage cell line. Improvements in expression stability of the biosensor were similarly manifested in the rat mammary adenocarcinoma cell line MTLn3 (Fig. 3D,E) , suggesting that it is cell type-independent and is essential to ascertain reliable biosensor readouts.
Repetitive sequences in nonviral gene delivery
We demonstrated the deletion of repetitive sequences in retroviral transduction. However, the deletion due to repetitive sequences is not limited to gene delivery by retrovirus. We show here two examples of this process occurring in systems that are commonly used for stable gene expressions and recombinant genetic manipulations. The first example is during yeast homologous recombination. Yeast is an ideal model system to perform genetic manipulations, since its genome can be easily edited by homologous recombination. To label an endogenous RNA in Saccharomyces cerevisiae for live-cell imaging, we attempted to insert 24xMBSs into the 3 ′ untranslated region (UTR) of the target gene (Fig. 5A) . Normally, PCR is performed with primers spanning the homology sequence flanking the target genetic sequence. The MBSV5 fragment was readily amplified by PCR. On the contrary, the PCR of MS2SL was inefficient and resulted in many lower-molecular-weight bands (Fig. 5B) . With single-step PCR amplification, the 24xMBSV5 can be inserted into any target gene through homologous recombination. Importantly, 100% of positive clones have fulllength insertion (Fig. 5C ). Although it is not feasible to PCR-amplify the MS2SL segment directly, it is possible to clone the two homology sequences flanking the MS2SL, which is an extra two-step cloning for each gene to be targeted. Afterward, the MS2SL cassettes and the homology sequences are cut out directly from the plasmid and are used to transform the yeast. Nevertheless, significant loss of repeats was observed during the homologous recombination ( Fig. 5D ; Hocine et al. 2013) . In contrast to 100% full-length insertion for MBSV5, only ∼40% of MS2SL insertions maintain full-length (Fig. 5E) . The second example is the production of stable cell lines from standard plasmid transfections followed by drug selection. Here, we constructed a 204-kDa molecule containing two FPs: mVn placed at the C terminus and mCer1 placed at amino acid position 260 (Fig. 5F ). This construct was inserted into a tet-inducible backbone containing puromycin resistance for selection and was transfected into mouse embryonic fibroblasts (MEF/3T3) containing stable tet-OFF-tTA. Upon establishment of the stable cell population and induction of the protein expression, we saw a prominent, short-molecular-weight band at 55 kDa, detectable using an antibody against the N terminus of the protein (Fig. 5G) , while a band of significantly reduced intensity is also visible at 204 kDa, indicating the presence of a full-length engineered protein. The presence of this short fragment at 55 kDa is recapitulated when the same molecule is stably integrated by viral transduction and induced for expression (Fig. 5H) . The immunoblot against GFP (Fig. 5H) confirms the presence of FP in this band to suggest a recombinant truncation at the end of the FP1 (mCer1) (Fig. 5F ). When the synonymous modified mCer1 is used, only the full-length band was observed (Fig. 5I) . This was not an isolated example. We observed truncation in another stably transfected biosensor that contained two FPs flanking a protein domain (Supplemental Fig. S5 ; Cammer et al. 2009 ). Therefore, we caution that it is critical to carefully examine the expression profile using Western blots and FACS to characterize populations of cells that express the full-length protein when stably integrating gene cassettes containing repetitive sequences. The new approach presented here dramatically improves the fidelity of full-length gene expression and side-steps this uncertainty by eliminating the random expression profiles that can directly impact data interpretation.
Discussion
The recombination and deletion of repetitive sequences is a universal phenomenon in retroviral transduction, homologous recombination (Hocine et al. 2013) , and stable transfection with drug selection. The synonymous modification introduced here is applicable to both repetitive RNA and peptide sequences to maintain the integrity of the reporter. As examples, we present two dissimilar areas of quantitative microscopy imaging in which this effect can significantly impact the biological readout and interpretations of data. For repetitive protein sequences, we developed a systematic approach that we termed "synonymous" codon transformation. For repeated nucleotides, it must be performed on a case-by-case basis. For MS2, the consensus sequence has been determined previously through SELEX experiments. A few key nucleotides essential for the binding were kept intact, and the rest could be modified. In addition, the linkers between the binding sites were fully randomized. We expect that this pattern of synonymous modification could be generalized to other RNA-or DNA-binding proteins as well.
In the biosensor field, it has traditionally been assumed that a certain amount of protein degradation is unavoidable due to the size and complexity of the engineered sensor constructs. Since there are many biosensors based on two compatible FRET pairs of FPs (Miyawaki et al. 1997; Itoh et al. 2002; Kurokawa et al. 2005; Mitra et al. 2005; Kawase et al. 2006; Pertz et al. 2006; Cai et al. 2008; Ouyang et al. 2010; Zawistowski et al. 2013; Hanna et al. 2014; Moshfegh et al. 2014) , their expression profiles in stably integrated cell systems must be carefully assessed by immunoblotting and FACS analysis. Indeed, in our previous works, several approaches were taken to minimize potential problems by carefully (1) optimizing the biosensor induction condition and duration, (2) analyzing the expression patterns of the biosensor on Western blots and FACS sorting for limited populations of cells that express both CFP and YFP, and (3) choosing, critically, cells expressing both FPs at near-expected intensities during single-cell microscopy imaging (Hodgson et al. 2010; Spiering et al. 2013) . Especially in light of the recombinant deletion frequency being a function of the insert size between the two homologous components such as the FPs ) example construct as shown in F was transfected into MEF3T3 fibroblasts under a tet-OFF-inducible system and was selected for stable integration using an antibiotic selection. Removal of doxycycline from the medium resulted in a modest induction of the full-length biosensor (F.L.) and substantially more abundant expression of the truncated version (trunc.) at 55 kDa. The endogenous protein band (endo.) is also visible, detected using a primary antibody against the protein backbone. (H) The original (Ori.) example construct as shown in F was stably transduced using retrovirus into MEF3T3 fibroblasts under a tet-OFF-inducible system and selected for stable integration. Removal of doxycycline from the medium resulted in no detectable induction of the full-length biosensor (F.L.) and expressions of the truncated versions (trunc.) at ∼95 kDa and at 55 kDa, detected using an antibody against FP. (I) The synonymous modified (Syn.) example construct as shown in F was stably transduced using retrovirus into MEF3T3 fibroblasts under a tet-OFF inducible system and selected for stable integration. Removal of doxycycline from the medium resulted in an induction of the full-length biosensor (F.L.). No truncated products are visible. The endogenous protein band (endo.) is also visible, detected using a primary antibody against the protein backbone. MEF3T3 fibroblasts were cultured in 2 μg/mL doxycycline to repress the biosensor induction for this data set. At higher levels of doxycycline concentration, the tet-OFF gene repression is more complete; however, it can result in minor toxicity and difficulty in achieving good induction. Thus, we used 2 μg/ mL doxycycline to illustrate the expression profile in this data set. (Delviks and Pathak 1999) , those sensors containing long stretches of moieties between two homologous FPs are clearly at greater risk for this type of effect. Our new results presented here address these situations and thus could dramatically reduce the potential for misinterpretation of biosensor readouts due to incorrect expression patterns that are not a priori predictable or well characterized.
One of the broad implications of this study is that it offers a generalizable, system-and platform-independent solution to stabilize the expression of exogenous reporter systems. This includes but is not limited to most genetically encoded single-chain biosensors based on the FP-FRET published thus far, many reporter systems using the tandem signal amplification motifs, and many polycistronic plasmids with repeated motifs. The current strategy is straightforward to implement, with easily affordable gene synthesis solutions. Practically, the homology of the synonymous transformed RNA sequences versus the original should be kept at minimum. We found that the sequence homology of 75% or less is ideal, while taking care to choose the species-specific codons with relative abundance of ≥20%. We expect that facile algorithms can be designed to automate this synonymization procedure in the future for many species and organisms, taking into consideration specific codon optimization strategies that are now available from a wide variety of vendors.
In conclusion, we believe that the approach will find its application in many areas of biology for stable expression of target genes containing repetitive sequences.
Materials and methods
Design and synthesis of the synonymous constructs
The consensus MBS sequences that bind to the MCP include a tetraloop of the primary sequence of ANCA and a variable-length stem with a bulged adenosine residue at a specific stem position (Schneider et al. 1992) . We designed 24 different MBS sequences with random linkers between them. The secondary structure of the whole sequence was predicted using Mfold software (http://mfold.rna.albany.edu/?q=mfold). Individual nucleotides were changed until the predicted secondary structure had 24 correct MBSs. We also ensured that there were no stop codons or repeated sequences >15 nucleotides (nt).
For repeated proteins, we exploited the redundancy of the codon usage to remove the repeats in RNA sequence. We first used the Integrated DNA Technology online codon optimization software (https://www.idtdna.com/CodonOpt) to choose the codon of a protein in a different organism such as yeast S. cerevisiae. The sequence was further modified to keep the homology to <75% with the original.
The designed sequences were synthesized by GenScript and subsequently cloned into retroviral vectors.
Mammalian cell lines
Human U2OS cells (American Type Culture Collection [ATCC], HTB-96) were grown at 37°C and 5% CO 2 in DMEM containing 4.5 g/L glucose, 10% FBS, and 1% penicillin-streptomycin.
RAW264.7 mouse monocyte/macrophage cells (ATCC, TIB-71) (Kheir et al. 2005) were maintained at 37°C and 5% CO 2 in RPMI containing 10% newborn calf serum and 1% penicillinstreptomycin.
MTln3 rat mammary adenocarcinoma cells (Neri and Nicolson 1981) were maintained at 37°C and 5% CO 2 in α-MEM containing 5% FBS and 1% penicillin-streptomycin.
Mouse embryonic fibroblasts with stably integrated tet-OFF were obtained from Clontech and were grown at 37°C and 5% CO 2 in DMEM containing 4.5 g/L glucose, 10% FBS, and 1% penicillin-streptomycin.
Culture of primary postnatal hippocampal neurons from mice
Postnatal day 1 mouse hippocampal tissue was isolated from C57BL6 wild-type pups. Hippocampi were placed in 0.25% trypsin for 15 min at 37°C. Tissue was triturated and plated onto poly-D-lysine (Sigma)-coated glass-bottom dishes (Matek) at 75,000 cells per dish and cultured in Neurobasal A medium supplemented with B-27, GlutaMax, and primocin (InvivoGen). Neurons were imaged between 2 and 3 wk in culture. For live imaging of neurons, cells were washed in prewarmed HBS medium and imaged at 35°C-37°C.
Plasmids, transfection, and viral transduction
All lentiviral constructs for MBS and MCP were cloned into the phage-ubc-RIG lentiviral vector (Mostoslavsky et al. 2006 ) from which the DSRed-IRES-GFP fragment had been excised. For mRNA reporters, 24xMS2SL or 24xMBSV5 was inserted after the stop codon and before the Woodchuck hepatitis virus posttranscriptional regulatory element (WPRE). For coat proteins, tdMCP-GFP, tdMCP-tdGFP, std-stdGFP, tdPCP-GFP, tdPCPtdGFP, and stdPCP-stdGFP were all cloned to replace DSRed-IRES-GFP, respectively. All of the coat proteins had nuclear localization signals at the N terminus.
The lentiviral plasmids were cotransfected with helper plasmids in 293T cells as described previously (Naldini et al. 1996) . Collected lentiviral particles were purified with lenti-X concentrator (Clontech). U2OS cells were infected with the purified lentiviral particles. The positive cells were sorted with FACS.
Tet-inducible RAW264.7 and MTln3 cells were produced using the pRetro-X-tet-OFF-Advanced system following the manufacturer's protocols (Clontech). A fluorescent biosensor for Rac1 was transduced into the tet-OFF RAW264.7 and MTln3 cell lines using the pRetro-X-Zeo and pRetro-X-Puro backbones (Clontech), respectively, and selected for stable transductants as previously described (Hanna et al. 2014; Moshfegh et al. 2014) . Cells were kept under 2 μg/mL doxycycline in the culture medium to repress the biosensor expression under normal culture and propagation.
For plasmid transfection-based stable cell line production, mouse embryonic fibroblast cells were transfected using the JetPrime (Polyplus) reagent following the manufacturer's protocols using biosensor constructs in a plasmid system containing the tet-inducible promoter driving the biosensor cassette and a puromycin-resistance gene expression cassette driven by a PGK promoter (pRetro-X; Clontech). Forty-eight hours after transfection, cells were checked for fluorescence to confirm the expression and were cultured in growth medium containing 2 μg/mL doxycycline and 1 μg/mL puromycin. Puromycin concentration was gradually increased to a final concentration of 10 μg/mL to achieve stable selection. For the published Wiskott-Aldrich syndrome protein biosensor, the biosensor design, plasmid backbone (Clontech, pECFP-C1), and transfection protocols were described previously (Cammer et al. 2009 ).
Yeast strain construction
All S. cerevisiae strains were derived from BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0).
In order to insert the 24xMBSV5 at the 3 ′ UTR of the ASH1 gene by homologous recombination, we generated the plasmid p415-24xMBSV5-LoxP-KANr-LoxP (pET194). PCR was performed using pET194 as a template and ASH1-specific primers (Fw, TGCGAAATTGAAGGGTACCGTTGCTTATTTTGTAA TTACATAACTGAGACAGTAGAGAATTGAAACCTACAAAC GGGTGGAGGATCA; Rev, TGTACAATTGTTTCGTGATAA TGTCTCTTATTAGTTGAAAGAGATTCAGTTATCCATGT AGATATCACCTAATAACTTCGTATAG). The product fragment containing the homology sequences was purified on an agarose gel and transformed in S. cerevisiae using standard procedures. Transformed cells were spread on YPD-G418 plates and incubated for 3 d at 30°C and replica-plated on YPD-G418 plates. To identify positive transformants, genomic DNA was prepared and used as a template for PCR with primers that annealed outside the cassette (Fw, AACACATACAAGATGTTTGAACG; Rev, AGCAGGTTCCGCTATTTCAGTG).
Single-molecule FISH and analysis
Mammalian cell single-RNA FISH was performed as previously described (Femino et al. 1998; Raj et al. 2008) . FISH probes, each ∼20 nt long, contained one or two end-labeled dyes. The MS2SL probes were dually labeled with Cy3. The MBSV5 was singly labeled with Quasar 570. The GFP probes (used for CFP) were singly labeled with Quasar 670. Images were acquired using a microscope setup previously described (Zenklusen et al. 2008) . Cells were imaged with 200-nm z steps, spanning a depth of 6 μm.
FISH images were analyzed using FISH Quant (Mueller et al. 2013) . Briefly, after background subtraction, the FISH spots in the cytoplasm were fit to a three-dimensional (3D) Gaussian to determine the coordinates of the mRNA in each color. The intensity and width of the 3D Gaussian were thresholded to exclude autofluorescent particles and nonspecific signals. For colocalization analysis, the RNA positions in each color were first determined by FISH Quant independently. To find green RNA (MBS) colocalized with red RNA (ORF), we applied a mathematical framework: linear assignment problem (LAP) (Jaqaman et al. 2008) . The distances between red and green particles were used as the cost. A threshold of 200 nm was used as the cost if the particle was not linked. Costs for particles that were 2 µm further apart were set to an inhibitory large number, so they were not considered for linking. The assignment of green particles to red ones that minimize the total cost was chosen. The fractions of red particles (ORF) that had a green partner (MBS) are reported here.
FFS
The FFS experiments were performed on a home-built two-photon fluorescence fluctuation microscope described previously (Wu et al. 2012) . A 60× Plan-Apo 1.4 NA oil immersion objective (Olympus) was used to focus the laser (Chameleon Ultra) and collect the fluorescence, which was detected with avalanche photodiodes (APDs) (SPCM-AQR-14; PerkinElmer). The normalized brightness of an EGFP-labeled fluorescent molecule was defined as b = λ app / λ EGFP , where λ app was the sample brightness (Chen et al. 2003) , and λ EGFP was monomeric EGFP brightness obtained in a calibration experiment by measuring cells transfected with EGFP only.
Live-cell fluorescence imaging
Fluorescence images were taken with an automated IX-81 microscope using a 150× 1.45 NA objective (UAPO, Olympus). The excitation was achieved with a 491-nm (Cobolt) diode laser. The image was recorded with an EMCCD camera (Andor iXon3). The microscope was controlled with MetaMorph imaging software, and the images were analyzed with ImageJ (National Institutes of Health).
FRET imaging of the biosensor
The single-chain, FRET-based Rac1 biosensor was imaged in the RAW264.7 monocyte/macrophage cell line as previously described (Hanna et al. 2014) . Briefly, cells were induced for biosensor expression 48 h prior to imaging by a brief trypsinization followed by removal of 1 μg/mL doxycycline from the medium. Twenty-four hours prior to imaging, cells were trypsinized and replated onto 25-mm round glass #1.5 coverslips (Warner Instruments) at 1 × 10 5 cells per coverslip. On the day of the assay, coverslips containing cells were transferred to the live-cell imaging chamber ) with imaging medium consisting of BWD solution (20 mM HEPES, 125 mM NaCl, 5 mM KCl, 5 mM glucose, 10 mM NaHCO 3 , 1 mM KH 2 PO 4 , 1 mM CaCl 2 , 1 mM MgCl 2 at pH 7.4) (Greenberg et al. 1991; Gevrey et al. 2005 ) with 5% FBS. Cells were imaged using a custom, optimized multichannel epifluorescence microscope (Spiering and Hodgson 2012 ) under a 60× 1.45 NA DIC oil immersion objective lens. The FRET and mCer channels were acquired simultaneously using two Coolsnap ES2 cameras (Photometrics) mounted on the side of the Olympus IX81 microscope via an optimized beam splitter, allowing for simultaneous image acquisition to eliminate motion artifacts, as previously described (Spiering and Hodgson 2012; Spiering et al. 2013) . The third camera, mounted on the bottom port of the same microscope, acquired the matching DIC image set. The optical setup, filters, and mirror combinations were described previously (Spiering and Hodgson 2012) . Acquired image sets were flat-field-corrected and noise-and background-subtracted as previously described. The FRET and mCer channels were pixel-by-pixel-matched and aligned using nonlinear coordinate transformation and morphing (Spiering et al. 2013) prior to image masking and the ratiometric calculation. The linear pseudocolor lookup table was applied where warmer colors corresponded to regions of high Rac1 activity and the colder colors corresponded to lower activity. For quantification of the Rac1 activity levels, active protrusions were measured for average Rac1 activity per unit area within a small region of interest and directly normalized against the same measurement of the nucleus within the same image frame in the same cell.
Morphodynamics mapping and cross-correlation analysis
Morphodynamics and cross-correlation analysis were performed as previously described (Machacek et al. 2009 ). Briefly, the edge motion was tracked from the cropped image stack using the prPanel.m protrusion tracking software (Machacek et al. 2009 ). The measurement windows of 3 × 6 pixels, which translated to 0.648 μm by 1.296 μm at 60× magnification 2 × 2 binning, were constructed as previously described (Machacek et al. 2009 ). The leading edge segment typically contained 20-40 measurement windows, depending on the overall length of the segment. Window positions were successively adjusted back and away from the leading edge in 3-pixel units in order to characterize the spatial dependence of the cross-correlation functions. The correlational coupling was measured up to 4.536 μm away from the leading edge. The normalized cross-correlation coefficient at each window was calculated between the normal direction protrusion velocity at the edge and the changes in Rac1 activity at the corresponding window using the Matlab function xcov. The individual cross-correlation coefficient distribution at each window was considered as an independent measurement entity, smooth spline-fitted, and pooled between all cells imaged, and the average maximal cross-correlation coefficient time lag location and the 95% confidence interval were calculated by a nonparametric bootstrap method (Efron 1979) . Total individual sampling windows of 362 (Syn; n = 13 cells) and 398 (Ori; n = 12 cells) were measured for this analysis. Briefly, morphodynamics analysis was based on an assumption that when cells are randomly responding to serum-containing medium with no gradient of chemoattractant present, the constitutive edge fluctuations are assumed to be coupled to the associated Rho GTPase activities in the same manner within each individual sampling window along the edge. Furthermore, it is also assumed that such associations are conserved between all cells of a given population (Machacek et al. 2009 ). These specific assumptions form the key basis for the morphodynamics analysis, and thus we treated the individual windows as an independent measurement entity, and the characteristic coupling is significant if the averaged peak value of the cross-correlation coefficient function is greater (above or below) than the 95% confidence levels of Pearson's correlation coefficient. Furthermore, in a previous work (Machacek et al. 2009 ), we performed careful simulations in which up to 70% of the windows were replaced by those that did not contain significant coupling between the GTPase activity and the edge motion. This was the threshold level above which the resulting peak location began to register a measurable temporal deviation. Thus, this method is robust enough to predict with confidence the coupling dynamics of protein activities and the edge motion, as long as the averaged cross-correlation coefficient function registers greater than the 95% confidence levels.
Western blotting
We used the following primary antibodies: Roche mouse monoclonal anti-GFP (clones 7.1 and 13.1), Santa Cruz Biotechnology mouse monoclonal anti-β-actin (clone AC-15), and goat antimouse IRDye800CW secondary antibody (Li-Cor). The images were acquired on an Odyssey infrared imaging system.
